The fourth Fermi Large Area Telescope Source Catalog (4FGL) lists over 5000 γ-ray sources with statistical significance above 4σ. About 23% of the sources listed in this catalog are unidentified/unassociated γ-ray sources while ∼ 26% of the sources are classified as blazar candidates of uncertain type (BCUs), lacking optical spectroscopic information. To probe the blazar nature of candidate counterparts of UGSs and BCUs, we started our optical spectroscopic follow up campaign in 2012, which up to date account for more than 350 observed sources. In this paper, the tenth of our campaign, we report on the spectroscopic observations of 37 sources, mostly BCUs, whose observations were carried out predominantly at the Observatorio Astronómico Nacional San Pedro Mártir and the Southern Astrophysical Research Observatory between August 2018 and September 2019. We confirm the BL Lac nature of 27 sources and the flat spectrum radio quasar nature of three sources. The remaining ones are classified as six BL Lacs galaxydominated and one normal galaxy. We were also able to measure the redshifts for 20 sources, including 10 BL Lacs. As in previous analyses, the largest fraction of BCUs revealed to be BL Lac objects.
. Together with radio galaxies they constitute the main class of AGNs emitting at MeV-to-TeV energies, with a few exceptions due to a small subset of nearby galaxies (Abdollahi et al. 2019) .
There are two main sub-classes of blazars, distinguished on the basis of their optical spectra: BL Lac objects and flat spectrum radio quasars. The former subclass presents weak emission/absorption lines in their optical spectra with equivalent width (EW) smaller than 5 Å (Stickel et al. 1991) or even completely featureless spectra, while sources belonging to the latter show quasar-like optical spectra with broad emission lines.
In the last decade we initiated and carried out an optical spectroscopic campaign to unveil the nature of potential counterparts of unidentified/unassociated γ-ray sources (UGSs, D'Abrusco et al. 2013; Massaro et al. 2013a; Massaro et al. 2016a ) discovered with the Fermi Large Area Telescope (LAT) and to confirm the classification of blazar candidates of uncertain type (BCUs; Ackermann et al. 2015a) .
Given the continuously increasing number of discovered UGSs by Fermi-LAT, our observations are mainly focused on searching blazar-like sources within the positional uncertainty of the UGSs (Acero et al. 2013; Massaro et al. 2015a; Paggi et al. 2014 ) and/or eventually BCUs (Massaro et al. 2012b; Alvarez-Crespo et al. 2016) . Given the large positional uncertainty of γ-ray sources, of the order of ∼4 arcmin in the third and fourth releases of the Fermi-LAT point source catalogs (3FGL and 4FGL, Acero et al. 2015; Abdollahi et al. 2019) , potential counterparts, targets of our spectroscopic observations, were selected on the basis of several criteria based, for example, on their mid-infrared colors (MIR; Massaro et al. 2011; D'Abrusco et al. 2012) , presence of X-ray emission Takeuchi et al. 2013) and/or presence of radio sources (Schinzel et al. 2015) .
Here, in the tenth paper of a series devoted to our optical spectroscopic campaign, we focused on the observations of a selected sample of BCUs, that being already associated with Fermi-LAT sources, needed an optical spectroscopic classification (Ackermann et al. 2015a ) to confirm their nature. In the present analysis, for the blazar classification, we adopted the nomenclature of the Roma-BZCAT (Massaro et al. 2015b ) distinguishing between BL Lac objects (i.e., BZBs), flat spectrum radio quasars (labelled as BZQs), as well as blazars of galaxy type (BZGs) whereas the spectrum is dominated by the emission from its host galaxy but presents a non-thermal blue continuum likely originated in a relativistic jet (see Section 3).
The main goal of our optical spectroscopic campaign is to "hunt" blazars among UGSs and BCUs, since they constitute the largest known population of γ-ray emitters (Abdollahi et al. 2019 ). If we confirm a blazar lies within the positional uncertainty region of a UGS, it bolsters its likelihood of being the counterpart of the UGS, due to the scarcity of such sources in the sky. It is thus a valuable information, that has been so far used in every subsequent release of the Fermi-LAT catalogs (Massaro et al. 2015a ). Even though there has been continued efforts to develop new and alternative methods to increase the association probability (e.g., D'Abrusco et al. 2019), still optical spectroscopy remains an efficient method that provides a precise classification of the potential counterpart of a γ-ray source.
The state of the art of our campaign can be briefly summarized as follows. We collected spectra for 337 sources to date and classified them as 255 BZBs, 39 BZQs and 20 BZGs, while additional 23 sources have been classified as normal quasars, due to the lack of multifrequency observations, particularly in the radio band, that could confirm the presence of a jet. In particular, 167 sources out of 337 were all BCUs for which the largest fraction (i.e., 114 out of 167, ∼70%) were identified as BZBs, confirming that they are the most elusive subclass of blazars. During our campaign we extensively and continuously searched in the optical databases to exclude targets for which an optical spectrum was already available (see e.g., Massaro et al. 2014; Massaro et al. 2016b ) and we also compared our results with those present in the literature, due to other spectroscopic campaigns (Landoni et al. 2018; Paiano et al. 2019) , to maintain an updated database. The largest fraction of the sources classified to date come from the archival search in Sloan Digital Sky Survey (SDSS) data, which accounts for a total of 127 spectra; and then more than 100 observations were also carried out in the southern hemisphere with the Southern Astrophysical Research Telescope (SOAR) telescope. All remaining ones were performed with other 2 m-to 6 m-class telescopes as the Kitt Peak National Observatory (KPNO), the William Herschel Telescope (WHT), Telescopio Nazionale Galileo (TNG), Nordic Optical Telescope (NOT), Observatorio Astrofísico Guillermo Haro (OAGH), Observatorio Astronómico Nacional San Pedro Mártir (OAN-SPM) and Multiple Mirror Telescope (MMT) to name a few.
Our spectroscopic identifications were used by other groups to (i) build the luminosity function of BL Lacs (Ajello et al. 2014 ); (ii) select potential targets for the Cherenkov Telescope Array (CTA; Massaro et al. 2013b; Arsioli et al. 2015) ; (iii) obtain stringent limits on the dark matter annihilation in sub-halos (e.g., Zechlin & Horns 2012; Berlin & Hooper 2014) ; (iv) search for counterparts of new flaring γ-ray sources (Bernieri et al. 2013) ; (v) test new γray detection algorithms (Campana et al. 2015; Campana et al. 2016 ); (vi) perform population studies on the UGSs (e.g., Acero et al. 2013) and (vii) discover the new subclass of radio weak BL Lacs (e.g., Massaro et al. 2017 ) . All the above studies confirm the legacy value of our results thus motivating the prosecution of our BCU follow up campaign.
The present paper is organized as follows. In § 2 we present the selection criteria for the the BCU sample anal-ysed here, while in § 3 the data reduction procedures for SOAR and OAN-SPM observations are described. In § 4 we discuss results obtained, and § 5 is devoted to our summary and conclusions.
Sample selection
Our sample consists of 37 sources predominantly listed as counterparts of γ-ray sources in the 4FGL catalog (35 sources), as well as in the Fermi-LAT 8-year Point Source List 1 (FL8Y; 2 sources), a preliminary release of 4FGL based on the same 8-years of data. We highlight that the two sources selected from FL8Y do not appear in 4FGL. The 37 targets are listed as 33 BCUs and 4 BZBs in these γ-ray catalogs.
Sources classified as BCUs have unknown blazar nature, as all BCUs i) lack an optical spectra sensitive enough to classify them as BZBs or BZQs, or ii) are classified as blazars of uncertain or transitional types in Roma-BZCAT. However, all BCUs have multiwavelength data indicating a typical blazar-like behaviour (see Ackermann et al. 2015a; Abdollahi et al. 2019 ) and thus, as previously stated, our spectroscopic analysis has been carried out to confirm their real nature.
In 4FGL, there are 1312 associated sources classified as BCUs (i.e., 26% of the entire catalog), a fraction significantly higher than on its predecessor 3FGL, for which the BCUs accounted for 19% of the sample (Acero et al. 2015) . All targets selected in our sample have optical magnitude in the r band brighter than 18.5, as listed in the USNO-B catalog (Monet et al. 2003) . During our observing nights we were able to observe 33 BCUs and 4 sources already classified as BZBs for which we searched for a spectroscopic confirmation and potentially a redshift estimate.
We also verified which of our targets are listed in the latest releases of the Wide-field Infrared Survey Explorer ( We found a total of 19 matches with WIBRaLS (14 classified here as BZBs, 2 BZGs and 3 BZQs; see § 4) and 3 more matches with KDEBLLACS (all classified here as BZBs, see § 4). Additionally, two of our targets, 4FGL J1208.4+6121 and 4FGL J1239.4+0728, are listed in Roma-BZCAT and classified there as blazars of uncertain type.
Although we selected the BCUs mainly from 4FGL, in our previous papers we tend to select sources based on MIR 1 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/ Here we compare the distribution of our targets in the WISE MIR color-color diagrams W1-W2 vs. W2-W3 and W2-W3 vs. W3-W4, using the magnitudes measured at the four WISE bands W1[3.4 µm], W2[4.6 µm], W3[12 µm] and W4[22 µm], with the distribution of MIR colors for γ-ray blazars listed in Roma-BZCAT, finding that all of them have MIR colors consistent with γ-ray blazars (Figure 1 ), except perhaps for 4FGL J1612.2+2828/WISE J161217.62+282546.3, the black star in the bottom of both panels, classified as the only normal galaxy in our sample. Among our sources, 27 are detected in WISE W4 band and plotted as black stars in Figure 1 . The remaining targets are plotted as white stars. The distribution of our targets in these diagrams suggest that their infrared emission is dominated by non-thermal radiation, as expected for γ-ray blazars.
WISE magnitudes used here are in the Vega system and are not corrected for the Galactic extinction. As shown in our previous analyses D'Abrusco et al. 2014) , such correction affect only the magnitude measures at 3.4µm for sources lying at low Galactic latitudes, and it ranges between 2% and 5%, thus being almost negligible.
Observations and data reduction
We observed a total of 25 targets with the 2.1 m telescope at OAN-SPM, in Baja California, México, during several nights in 2018-2019 (see Table 1 ). The data were collected with the Boller & Chivens spectrograph, with a slit width of 2.5 , grating of 300 l/mm, wavelength range from 3800 Å up to 7800 Å, and resolution of ∼ 14 Å.
A single source, 4FGL J0434.7+0922/TXS 0431+092, was observed with the 2.1 m telescope at OAGH in Cananea, México, using the Boller & Chivens spectrograph. The collected spectrum has a wavelength range from ∼ 3600 to 7300 Å and was acquired with a slit width of 2.5 and grating of 150 l/mm, having a final resolution of ∼ 14 Å.
The data for the remaining 11 targets were collected with the 4.1 m SOAR telescope at Cerro Pachón, Chile, in remote observing mode on May 22 and 23 of 2019. We used the single, long slit mode of the Goodman High Throughput Spectrograph (Clemens et al. 2004 ) with slit width of 1 and a grating of 400 l/mm, giving a dispersion of ∼ 3Å per pixel in a spectral range from ∼ 4100 Å up to 7900 Å, and resolution of ∼ 6Å.
In Table 1 we report the log of all observations, giving the name of the γ-ray source and its associated counterpart in the Fermi-LAT catalogs, the associated counterpart in WISE, the telescope used, the average signal to noise ratio (SNR), the exposure time and the date of observation.
The data were reduced using standard procedures, with the images trimmed, bias subtracted, corrected for flat field and stacked using standard IRAF packages (Tody 1986 ). The cosmic ray removal was performed with Python packages ccdproc (Craig et al. 2015) and astropy (Astropy Collaboration et al. Astropy Collaboration et al. 2018 ) , in the case of SOAR data, and using the L.A. Cosmic IRAF algorithm (van Dokkum 2001) in the case of OAN-SPM data. All spectra were then flux and wavelength calibrated using, respectively, a standard spectrophotometric star and a Hg-Ar (SOAR) or CuNeHeAr (OAN-SPM) lamp. The corrections for Galactic extinction were made using the reddening law of Cardelli et al. (1989) and values of visual extinction A v computed based on Schlafly & Finkbeiner (2011) assuming a visual extinction to reddening ratio A v /E(B − V) = 3.1. Finally, we performed a box smoothing for visual representation, normalized the spectra using a 5th degree polynomial fitted to the continuum to highlight possible spectroscopic features, and visually identified the emission/absorption lines ( Figure 2) .
Analysis and results
Thanks to the new optical spectra collected, we are able to confirm the blazar nature for 36 targets in our sample, consisting of 27 BZBs, 6 BZGs, and 3 BZQs. Additionally, we identified a normal galaxy listed in 4FGL as the counterpart of 4FGL J1612.2+2828.
We obtained the redshifts (z) for 20 of the targets, including 10 BZBs, all with relatively low z distributed in the range 0.12-0.28, as expected for BZBs. Particularly we successfully measured redshifts for 3 of the 4 BZBs listed in the 4FGL (see Section 2). They are 4FGL J0420.2+4012/WISE J042013.43+401121.2 with z = 0.132, 4FGL J2220.5+2813/WISE J222028.72+281355.8 with z = 0.148 and 4FGL J2358.3+3830/WISE J235825.19+382856.5 with z = 0.200. For the last source, we observed emission lines with EW > 5 Å, and thus classified it as a BZQ.
All results achieved for the entire sample are summarized in Table 2 , where we show the name of the γ-ray sources as listed in the Fermi-LAT catalogs, the name of the WISE counterparts, the redshifts when available, the spectral classes and information about the observed absorption/emission lines.
The optical spectra and finding charts for the analysed sources are available in Appendix A, ordered by right ascension. Finding charts were obtained from ESO Online Digitized Sky Survey 2 and have a size of 5 × 5 . The name of each emission/absorption line is also indicated in the figure. Telluric absorption lines are labelled with . Criteria adopted to distinguishing between BZBs, BZGs and normal galaxies are based on the observed Ca II H&K break contrast. We computed the ratio C = (F + − F − )/F + where F + and F − are the mean flux densities measured in small ranges of 200 Å just above (4050-4250 Å) and below (3750-3950 Å) the Ca II H&K break, respectively. A value of C < 0.4 means that the source has a blue continuum emission dominated by non-thermal radiation likely originated in a relativistic jet (Marcha et al.1996; Landt et al. 2002; Massaro et al. 2012a ). Then sources with C > 0.4 are classified as normal galaxies, sources with 0.25 < C ≤ 0.4 are classified as BZG, while values of C ≤ 0.25 lead towards a BZB or BZQ classification.
To distinguish between BZBs and BZQs we computed the rest frame equivalent width (EW) of their emission lines (when available) and classified them as BZBs if all lines had EW ≤ 5Å. In particular, we found only 3 BCUs having emission lines with EW > 5Å, leading to a BZQ classification.
For those sources for which a redshift estimate has been provided, the redshift uncertainties are of the order of ∆z = 0.001 for the data collected with SOAR, while those pointed with OAGH and OAN-SPM have ∆z ∼ 0.004.
Summary and Conclusions
We presented the tenth paper of our optical spectroscopic campaign aiming at the identification of BCUs listed in Fermi-LAT catalogs. We collected and analysed data for a total of 37 sources, confirming the blazar nature for 36 of them. Our results are summarized as follows:
• Among the 33 sources classified as BCUs in the Fermi-LAT catalogs, 24 of them (73%) are found to be BZBs, 6 are BZGs (18%), 2 are BZQs (6%) and 1 is a normal galaxy (3%). We also measured the redshifts for 17 of them. • We observed 4 sources classified as BZBs in 4FGL and were able to measure the redshifts for 3 of them: 4FGL J0420.2+4012, 4FGL J2220.5+2813 and 4FGL J2358.3+3830, with z = 0.132, z = 0.148 and z = 0.200 respectively. In particular, 4FGL J2358.3+3830 presents emission lines with EW > 5Å, thus being classified as BZQ. • All sources classified as blazars (36 out of 37) have MIR colors consistent with what is expected for γ-ray blazars (Figure 1) , except perhaps for the counterpart of 4FGL J1608.0-2038. The results here, as in the previous papers of our campaign (see e.g., Marchesini et al. 2019; Peña-Herazo et al. 2019) , confirm that the largest fraction of BCUs tend to be BZBs. These objects, although very common in the γ-ray sky, continue to be one of the most elusive classes of γ-ray sources.
Our optical spectroscopic campaign is still ongoing with observing nights scheduled for the current and next semesters. New results will be made available as soon as they are collected and analysed. The next paper of the campaign will focus mainly on UGSs (Peña-Herazo et al. 2019) observed with the 4 m Blanco telescope at Cerro Tololo, Chile. We observed a total of 374 targets to date, mostly BCUs and UGSs, but including a small fraction (i.e., of the order of a few percent) of known blazars, especially BL Lac objects, trying to catch them in a low optical state and obtain a z estimate. Particularly, out of 200 sources previously classified as BCUs, we found that 141 of them are BZBs. This research made use of Astropy, 3 a communitydeveloped core Python package for Astronomy (Astropy Collaboration et al. 2 Astropy Collaboration et al. 2018 ) , ccdproc, an Astropy package for image reduction (Craig et al. 2015) , and TOP-CAT 4 (Taylor 2005) for the preparation and manipulation of the tabular data.
This project makes use of data products from the Southern Astrophysical Research (SOAR) telescope, which is a joint project of the Ministério da Ciência, Tecnologia, Inovações e Comunicações (MCTIC) da República Federativa do Brasil, the U.S. National Optical Astronomy Observatory (NOAO), the University of North Carolina at Chapel Hill (UNC), and Michigan State University (MSU).
This project makes use of spectroscopic observations acquired at the 2.1 m telescope of the Observatorio Astronómico Nacional San Pedro Mártir (OAN-SPM), Baja California, México. We also thank the staff at the Observatorio Astrofísico Guillermo Haro (OAGH) for all their help during the observation runs. This publication makes use of data products from the Wide-field Infrared Survey Explorer, which is a joint project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded by the National Aeronautics and Space Administration.
A Optical spectra and finding charts
Here we present all the spectra collected together with their respective finding charts extracted from ESO Online Digitized Sky Survey (Figure 2 ). 
